The interaction of potassium with mica(001) and its influence on the subsequent film growth of para-hexaphenyl (6P) was studied by Auger electron spectroscopy, thermal desorption spectroscopy, and atomic force microscopy (AFM). Freshly cleaved mica is covered with 0.5 monolayer (ML) of potassium. By intentional potassium deposition in ultra-high vacuum a saturation of 1 ML can be achieved, which is stable up to 1000 K. Additional potassium desorbs at around 350 K. The film morphology of 6P on mica (001) is significantly influenced by the potassium monolayer. On the freshly cleaved mica surface, which contains 1/2 ML of K, 6P forms needle-like islands which are composed of lying molecules. On the fully potassium covered mica surface 6P grows in form of dendritic islands, composed of standing molecules. The reason for this change is attributed to the removal of lateral electric fields which exist on the freshly cleaved mica surface, due to the specific arrangements of the atoms in the surface near region of mica.
I. INTRODUCTION
Muscovite mica is a frequently used substrate for epitaxial film growth. Due to the sheet-like structure of this material one can easily prepare atomically smooth surfaces just by cleaving. Such freshly cleaved mica substrates have been particularly used to study the film growth of rod-like organic molecules, e.g., oligo-phenylenes, [1] [2] [3] [4] oligo-acenes, 5 and oligo-thiophenes. 6, 7 In most of these cases the ultra-thin films consist of needle-like islands, which are composed of molecules with their long axis parallel to the substrate surface. It is assumed that this particular film growth is stabilized by lateral electric fields existing on the surface of the freshly cleaved mica substrate. 2 Muscovite mica is a layered aluminosilicate with the formula KAl 2 (AlSi 3 O 10 )(OH) 2 . Each layer is composed of a sub-layer of octahedrally coordinated Al 3+ ions, which is sandwiched between two tetrahedral silicate layers with vertices pointing toward the octahedral layer, and a layer of potassium. 8 In the silicate layers some of the Si 4+ ions are replaced by Al 3+ ions (with a ratio of 3:1), creating negatively charged areas. These negative charges are compensated by the K + counterions. Cleavage is known to take place along the potassium layers. After the cleavage, half of the potassium ions are assumed to be left on each surface. Between the K + ions and the negatively charged sites of the Al 3+ substituent dipoles are generated, leading to dipole fields with components parallel to the surface. 9, 10 Recently, it has been shown that a modification of the freshly cleaved mica surface in vacuum, either by carbon deposition or by argon sputtering, changes the layer growth of para-hexaphenyl (6P) dramatically. [11] [12] [13] Instead of forming needle-like islands, which are composed of lying molecules, the film morphology changes to dendritic islands, which are a) Electronic mail: a.winkler@tugraz.at. composed of standing molecules. It was argued that the surface modifications destroy the lateral dipole fields and thus weaken the attractive forces between the 6P molecules and the substrate.
In this work, we focus on the role of surface potassium on the layer growth of 6P on muscovite mica. It is assumed that after cleavage in air half a monolayer of potassium remains on the surface. However, since no superstructure can be observed in low energy electron diffraction (LEED), potassium is apparently randomly distributed. In recent atomic force microscopy (AFM) investigations it was found that actually domains with and without potassium exist on the mica surface, resulting in positively and negatively charged areas.
14 Furthermore, carbon was observed on air cleaved mica. It was argued that this is the result of the adsorption of carbonaceous gases, CO, CO 2 , CH 4 , and their reactions with H 2 O. [15] [16] [17] [18] Nevertheless, this type of surface leads to the pronounced needlelike island growth of rod-like molecules, as long as the mica substrate is immediately installed into the vacuum chamber after cleaving. Here we will demonstrate that by evaporation of potassium under ultra-high vacuum (UHV) conditions a full monolayer of potassium can be created on the mica surface, which is stable up to 1000 K. On such a surface, the layer growth of 6P again changes from needle-like islands, composed of lying molecules, to weakly dendritic islands composed of standing molecules.
II. EXPERIMENTAL
The experiments were performed in an ultra-high vacuum chamber with a base pressure of 1 × 10 −10 mbar. The chamber was equipped with an Auger electron spectrometer, a mass spectrometer, an Ar + ion gun, facilities for the evaporation of 6P and potassium, and a quartz microbalance. The mica(001) samples (10 × 10 × ∼0.01 mm 3 ) were prepared by cleaving a mica sheet with the help of adhesive tape in air. The mica samples were attached to a steel plate via tantalum clamps, which could be heated resistively, and immediately installed into the UHV chamber. The temperature was controlled by a Ni-NiCr thermocouple spot-welded to the back of the steel plate. This allowed a controlled heating of the steel plate and hence of the mica sample for thermal desorption spectroscopy, typically with heating rates of 1 K/s. With additional LN 2 cooling, the temperature of the steel plate could be varied between 100 K and 1000 K. 11 Unfortunately, a considerable temperature difference existed between the front mica surface and the heating plate, due to the low heat conductivity of mica normal to the (001) plane. 19 A calibration of the temperature can be performed by comparing the multilayer peak maximum of desorbing 6P and potassium from mica with that for desorption from the steel plate (see below). 6P was evaporated from a stainless steel Knudsen cell, whereas potassium was evaporated from an SAES getters alkali metal dispenser. 20 For thermal desorption spectroscopy a multiplexed quadrupole mass spectrometer (QMS) (0-200 amu) was used. Instead of the mass of the 6P molecules (m = 458.6 amu) the mass m = 61 amu was measured, because it was shown that this is the largest signal of the cracking pattern in the QMS. 21 For potassium desorption the mass spectrometer was tuned to m = 39 amu.
For the quantitative determination of the 6P film thickness a quartz microbalance was used, which was positioned next to the sample. The reliability of this device was checked in two ways: (a) by comparing with corresponding AFM images of sub-monolayer films of standing molecules and (b) by thermal desorption spectroscopy, as outlined in more detail elsewhere. 11 After the in situ preparation and characterization of the 6P films on the potassium modified mica, the samples were investigated ex situ by AFM in the tapping mode (Nanosurf, EasyScan2).
III. RESULTS AND DISCUSSION

A. Potassium adsorption and desorption from mica
Freshly air cleaved mica, when immediately installed into the UHV chamber, always contains some carbon on the surface. The amount of adsorbed carbon differs somewhat for different samples, apparently due to changing environmental conditions during air cleavage. It was argued that the carbon contamination is due to adsorption and decomposition of carbonaceous gases, depending on the humidity. [15] [16] [17] [18] Heating of the sample to 1000 K decreases the carbon signal slightly, but it cannot be removed completely. The amount of potassium and the other constituents in the surface near region (oxygen, silicon, and aluminum) do not change significantly upon heating. In particular, the potassium amount on the surface was found to be quite reproducible, showing an Auger ratio of K252/O510 ≈ 1.0 ± 0.1 ( Fig. 1) . This is an indication that indeed always about the same amount, i.e., half of a potassium layer, remains on both sides of the freshly exposed mica surfaces after cleaving. The carbon contamination can be removed easily by Ar + ion sputtering (800 V, 10 min, 5 × 10 −6 mbar Ar). However, we abstained from removing
Auger spectrum of the freshly cleaved and immediately installed muscovite mica, after heating to 1000 K in UHV, taken at 300 K. In addition to the expected elements Si, O, K, still some carbon contamination is observed. The ratio of K252/O510 is always about the same, 1.0 ± 0.1, indicating that about 1/2 ML remains on each freshly cleaved mica surface.
the residual carbon by sputtering, because it is known that this procedure already influences the 6P layer growth on mica (001) dramatically, 11 and hence would blur the effect of potassium adsorption.
The aim of this work was to elucidate the influence of potassium on mica on the 6P layer growth. For this purpose first the adsorption/desorption behavior of K on mica was studied. On a freshly cleaved mica surface several monolayers of potassium were deposited at a substrate temperature of 110 K. Subsequent heating of the sample leads to desorption of potassium, however, some part of the deposited potassium remains on the surface after the first adsorption/desorption cycle, leading to a saturation potassium coverage which is stable up to 1000 K. This can be seen in Fig. 2 where three subsequent desorption spectra are depicted. The first spectrum is FIG. 2. Three subsequent thermal desorption spectra of potassium, starting with a freshly cleaved mica surface. In all cases the same amount of potassium (about 2 ML) was deposited at 110 K. The first spectrum (red) is significantly smaller than the subsequent spectra (black, dashed blue) demonstrating that some potassium deposited on freshly cleaved mica remains on the surface after heating to 1000 K. significantly smaller than the subsequent spectra, demonstrating that some potassium remains on the freshly cleaved mica. All following spectra are identical within the experimental error, indicating that all adsorbed potassium (besides the stable monolayer) can be desorbed again.
The Auger spectrum of the K covered mica surface after several adsorption/desorption cycles, and heating to 1000 K, is shown in Fig. 3(a) , in comparison to the spectrum of the freshly cleaved mica surface. Within the experimental error the K-Auger signal has doubled after this procedure, indicating that indeed the saturation layer is a full monolayer of potassium. Due to the attenuation of the substrate signal the Auger ratio changes to K252/O510 ≈ 4.0 ± 0.2 in this case. From the difference of the desorption spectra area between the first and second adsorption/desorption cycle (which can be attributed to 1/2 monolayer (ML) of potassium) (Fig. 2) , one can calibrate the thermal desorption spectra for potassium. From the known surface unit cell for mica (a = 5.2 Å, b = 9.0 Å), which contains 2 K atoms, one can attribute 1 ML of K on mica to 4.2 × 10 14 K-atoms/cm 2 . In this way we have a correlation between the thermal desorption   FIG. 4 . TDS of potassium obtained after deposition of always the same amount of potassium at different base pressures. Note the logarithmic y-scale. The desorption peak at 350 K stems from metallic potassium, whereas the peaks at higher temperature are due to the decomposition of potassium compounds.
spectroscopy (TDS) area (difference) and the corresponding (1/2 ML adsorbed) K atoms. This correlation can be used to calibrate the desorbing amount of thicker (metallic) K films by TDS.
The formation of one stable monolayer of potassium by adsorption/desorption is only possible under good ultra-high vacuum conditions (p ≈ 10 −10 mbar). At higher residual pressure (p > 10 −9 mbar) more potassium remains on the surface after several potassium adsorption/desorption cycles and heating to 1000 K (Auger ratio K252/O510 ≈ 6.5 ± 0.2) (Fig. 3(b) ). This is most probably due to the reaction of potassium with residual oxygen or water, which may lead to highly stable K x O y 22 or KOH 23 species. We conclude this because no other species were observed in the Auger spectrum, and the oxygen signal did not decrease, in spite of the increased potassium signal.
This assumption is also supported by thermal desorption spectroscopy. Figure 4 shows desorption spectra of potassium after always the same potassium amount was deposited (2 ML equivalents), but at different base pressure. The various base pressures were adjusted by intentionally leaking air into the baked UHV chamber. Only in the 10 −9 mbar pressure range and below, pure potassium desorption (from the metallic multilayer) can be observed, which is expected to take place at about 350 K. [24] [25] [26] However, at and above 2 × 10 −8 mbar no potassium desorbs in the temperature range where desorption of pure potassium is expected. There exist only small desorption peaks (note the logarithmic y-scale) at higher temperature, which are most probably due to cracking products of more stable potassium containing compounds. Indeed, the desorption peak at 550 K (Fig. 4) has been identified by several authors 27, 28 to be due to decomposition of KOH. With XPS and UPS it has also been shown that KOH on Pt(111) decomposes around 600 K. desorption peaks (as already observed in Fig. 2) , is an experimental artifact: Due to the bad heat conductivity of mica normal to the (001) plane the actual temperature at the front mica surface lags behind the temperature of the steel plate, on which the thin mica sheet is clamped via tantalum foils. The first peak stems from potassium desorbing from the tantalum clamps, which can be assumed to have the same temperature as the steel plate. Only the second, larger peak stems from desorption from the mica surface. We have checked this behavior by thermal desorption spectroscopy of K multilayers (as well as 6P multilayers) which were directly deposited onto the steel plate. The corresponding desorption spectra are shown in Fig. 6 (a) for potassium and in Fig. 6(b) for parahexaphenyl, respectively. From these spectra, which show a clear zero order desorption behavior, as expected for multilayer desorption, one can derive the heat of evaporation E d from the slope in the plot ln R vs. 1/T, according to the Polanyi-Wigner equation. 29 We derive for potassium E d = 0.7 ± 0.1 eV and for 6P E d = 2.2 ± 0.2 eV. These values agree very well with literature data for K (E d = 0.8 eV) 30 and 6P (E d = 2.4 ± 0.1 eV). 31 Furthermore, by comparing the desorption peaks for potassium from the tantalum clamps and the mica surface, the actual temperature of the mica surface can be calibrated. In this work, all TDS for potassium from mica are depicted in the uncorrected form. However, for 6P the TD spectra are temperature corrected, for better comparison with previous work. 11 Unfortunately, with TDS we cannot determine if the metallic K-multilayer grows layer-by-layer or island like. Auger electron spectroscopy (AES) could in principle be used to discriminate between these two growth modes, but in the case of K on mica strong charging effects did not allow these measurements above the 1 ML limit. But there is general agreement in the literature that potassium tends to form islands on non-metallic substrates. 26, 32 With respect to the of potassium monolayer on mica one has to emphasize that the monolayer is so strongly bound that it cannot desorb (up to 1000 K), unlike for potassium desorption from metal surfaces, e.g., from nickel 24 or silver, 25 where monolayer desorption over a broad temperature range between 400 K and 1000 K is observed.
B. Adsorption/desorption of hexaphenyl on potassium covered mica(001)
The adsorption and film growth of 6P on freshly cleaved mica has been extensively investigated, [1] [2] [3] [4] showing that needle-like islands form which consist of lying molecules. It has also been shown that a modification of the surface, either by sputtering or by contamination with carbon leads to a totally different layer growth: islands consisting of standing molecules are formed. 11 So far it was not clear to which extent the potassium coverage on the surface influences the layer growth of 6P. For this purpose we have prepared stable potassium coverages on the freshly cleaved and non-sputtered mica surface, as described above, and subsequently para-hexaphenyl was deposited at 110 K. We have previously shown that thermal desorption spectroscopy is a powerful tool to figure out whether or not a FIG. 7 . TD spectra of 6P desorbing from freshly cleaved mica (black) and potassium covered mica (red). Adsorption temperature: 110 K, adsorbed amount: 3 Å mean thickness, heating rate: 1 K/s. While on freshly cleaved mica desorption from a strongly bound wetting layer (570 K) can be seen, no such desorption is observed on the potassium covered surface. strongly bound wetting layer is formed before multilayer growth starts. 11, 21, 31 In Fig. 7 the (temperature corrected) thermal desorption spectrum of a 3 Å thick 6P layer on freshly cleaved mica is compared with that on a potassium covered mica surface. The desorption peak at 570 K for the freshly cleaved mica can be attributed to the wetting layer, and the peak at 490 K stems already from some multilayer islands. On the potassium covered surface, in contrast, no sign of a wetting layer is observed, similarly as on the sputtered or C contaminated mica surface. 11 A series of desorption spectra with different initial 6P coverages, between 3 Å and 15 Å, on the freshly cleaved and potassium covered surface are compiled in Figs. 8 and 9 , respectively, supporting the above made statements. A closer look at the "multilayer" peak position in Figs. 8 and 9 reveals a shift of about 50 K. The reason for that is that a film with a mean coverage of 15 Å on the potassium covered surface is still a sub-monolayer 9 . Series of TD spectra for 6P from 1 ML potassium covered mica, deposited at 110 K. There exists no monolayer desorption peak, only a multilayer peak is observed. The peak at 350 K stems from desorption from the tantalum clamps. Heating rate: 1 K/s. film of standing molecules, considering the length of the 6P molecules of about 26 Å. Thus, the energy for removing 6P molecules from the rim of the monolayer islands, composed of standing molecules, is different to that from removing lying molecules from multilayer needle-like islands.
The conclusions drawn from TDS have been verified by AFM measurements. In Fig. 10(a) a 4 μm × 4 μm AFM image is shown, where a 6P film with 3 Å mean thickness was deposited on the potassium covered mica surface. In this image three different types of island morphologies can be observed. Islands #1 are slightly dendritic and have a height of about 26 Å, indicating islands of standing molecules. This can be seen in the cross section (along the line a in Fig. 10(a) ) over several islands of the same type, as depicted in Fig. 11(a) . Islands #2 have the shape of short needles with a width of about 50 nm and heights around 10 nm. A cross section along line b in Fig. 10(a) , containing such islands, is shown in Fig. 11(b) . These are apparently islands composed of lying molecules, because their width and height is similar to that for 6P on the freshly cleaved mica. 4, 11 Apparently, there exist still some areas on the mica surface which are not sufficiently covered by potassium in order to induce the reorientation of the 6P molecules into the upright position. Finally, there exist some few islands (#3) which are nearly round shaped with diameters of about 180 nm and heights of about 30-50 nm (see cross section Fig. 11(c) ). Since the total amount of material contained in these islands is not compatible with the mean thickness of 3 Å 6P, we believe that these hillocks represent K x O y or KOH compounds. Actually, for this experiment the stable potassium layer was prepared at a residual pressure of 1 × 10 −9 mbar, a pressure which is already high enough to produce such potassium compounds, as described above. In this particular case the Auger signal ratio K252/O510 was about 5. The identification of these hillocks as being composed of potassium compounds is fostered by the observation of similar structures in AFM images of the mica surface after several potassium adsorption/desorption cycles, but without the deposition of 6P. In order to highlight the influence of potassium on the 6P layer growth we present a 1 μm × 1 μm AFM image of a 3 Å 6P film on freshly cleaved mica for comparison ( Fig. 10(b) ). This film is composed of small short needles composed of lying molecules, as can be deduced from cross sections, which show heights between 5 and 10 nm. There is no evidence of any round dendritic islands of monolayer height (2.6 nm). We have recently focused on this particular film and have shown that in this case the islands are the result of dewetting of the 3 Å thick wetting layer upon venting the system. 33 Fig. 10(a) .
FIG. 11. Cross sections along the lines as depicted in
Finally, we have also measured the surface roughness of the freshly cleaved mica surface and the 1 ML K covered mica surface. The line roughness R a was determined along distances of 250 nm and the area roughness S a on areas of 0.06 μm 2 , which give similar results within the margin of error. On a freshly cleaved surface, the roughness is extremely small and varies between 0.5 Å and 3 Å, depending on the measured site on the surface. This is also true for the uncovered areas of the freshly cleaved substrate after 3 Å 6P deposition ( Fig. 10(b) ). On the 1 ML K covered surface ( Fig. 10(a) ) the roughness is 4-5 Å, demonstrating the increased roughness due to K adsorption. Interestingly, the roughness on top of the islands, composed of standing molecules, is even somewhat smaller, probably due to the softness of the 6P film ( Fig. 11(a) ).
IV. SUMMARY AND CONCLUSIONS
Freshly cleaved mica, which is frequently used as a substrate for thin film growth studies, contains half a monolayer of potassium on the surface. On such a surface, when immediately installed into the deposition chamber, 6P forms needle-like islands which are composed of lying molecules. Deposition of additional potassium on the freshly cleaved mica surface under ultra-high vacuum condition (10 −10 mbar) leads to a full monolayer of potassium, which is stable up to 1000 K. Additional potassium desorbs at around 350 K from the surface. Deposition of 6P on a mica surface containing 1 ML of stable potassium leads predominantly to islands composed of standing molecules. Only few needle-like islands can be observed, which demonstrate that the potassium monolayer is not uniform. The reason for the reorientation of the 6P molecules is a weakening of the interaction between the 6P molecules and the mica substrate. The potassium coverage acts in a similar way as the carbon contamination of mica or the amorphisation of the surface due to sputtering. 11 It has to be assumed that in all cases the existing dipole induced lateral electric fields, which stabilize the lying molecules on the freshly cleaved mica surface, are disturbed and hence the energetically more favorable vertical orientation of the molecules is preferred.
